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[1] In this study we present the first combined investigation into the composition of the major matrices
involved in calcification processes (surrounding water, extrapallial fluid, aragonite, and calcite) of Mytilus
edulis with respect to their calcium isotope (d44/40Ca) and elemental compositions (Sr/Ca and Mg/Ca). Our
aim was to examine the suitability of Mytilus edulis as a proxy archive and to contribute to the
understanding of the process of biomineralization. Mytilus edulis specimens were live collected from the
Schwentine Estuary, Kiel Fjord, and North Sea (Sylt). d44/40Ca was determined by thermal ionization mass
spectrometry (TIMS) accompanied by measurements of Mg/Ca and Sr/Ca using inductively coupled
plasma–optical emission spectroscopy (ICP-OES). The elemental and isotopic compositions of the
investigated matrices showed systematic offsets. The carbonates are strongly depleted in their magnesium
and strontium concentrations and fractionated toward lighter calcium isotope compositions relative to the
surrounding Schwentine Estuary water. The opposite is observed for the extrapallial fluid (EPF). Our
findings extend the results of previous studies reporting a strong biological control and the interaction of
different environmental conditions influencing biomineralization. Future studies should focus on the
temporal development of the interrelation between the different matrices.
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1. Introduction
[2] Different environmental parameters like tem-
perature and salinity are reported to have signifi-
cant impacts on the composition of the shells of
calcifying marine organisms [Henderson, 2002].
The degree of these impacts can be investigated by
established proxies. Proxies such as elemental
ratios or stable isotopes [e.g., Beck et al., 1992;
Nu¨rnberg et al., 1996; Epstein et al., 1953] are
used in geochemistry to reconstruct (paleo)envir-
onmental conditions and thus serve to construct
and improve models of the recent and past climate.
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[3] Bivalves have the potential to provide high-
resolution records of a large variety of environ-
ments because of their high longitudinal growth
rate, a wide geographic distribution [Gossling,
1992], and tolerance to a broad range of environ-
mental conditions [Seed and Suchanek, 1992].
[4] A problem of the use of mussels as a proxy
archive consists in the strong biological control and
the complexity of the calcification process. The
environmental control on minor and trace elements
in molluscs seems often too weak to develop
suitable proxies. Even the mechanisms controlling
the trace element incorporation in mollusc shells
remain largely unknown [Carre´ et al., 2006].
[5] In molluscs, shell material is precipitated from
the extrapallial fluid which is physically separated
from the external solution by the old shell, the
mantle membrane and the periostracum [Wilbur,
1972]. Wilbur [1972] indicates that the mantle
mediates the transfer of ions from the seawater to
the extrapallial fluid.
[6] Different internal and external parameters
(chemical, physical and physiological) are influ-
encing the exchange between the extrapallial fluid
(EPF) and surrounding seawater.
[7] Lorens and Bender [1980] found that when Mg
content of seawater solution with varying Na/Ca,
Sr/Ca and Mg/Ca ratios is raised above the normal
Mg content of seawater, the biological Mg
exclusion mechanism becomes saturated, and is
no longer able to effectively control EPF Mg
concentrations.
[8] Crenshaw [1972] showed that the pH of the
EPF of a mollusc decreased when the animal
closed its valves and rose again when the valves
were opened. The calcium concentration also
changed with the opening and closing of the
valves. It decreased with increasing pH while the
valves were open and rose with decreasing pH
when the valves were closed.
[9] During precipitation different proteins are in-
volved in the biological control which was found in
the EPF [Kobayashi, 1964; Misogianes and
Chasteen, 1979]. Misogianes and Chasteen
[1979] determined that almost 85% of the calcium
in native fluid is bound to other molecules compared
to seawater, where less then 10% is complexed.
They suggested that CaCO3 deposition may be
controlled by complexation of Ca2+ by small chelats
produced by the animal.
[10] Our aim was to examine the suitability of
Mytilus edulis as a proxy archive. For this purpose
we present the first investigation into the compo-
sition of the major matrices involved in calcifica-
tion process (surrounding water, extrapallial fluid,
aragonite and calcite) with respect to their Ca
isotope and elemental compositions in Mytilus
edulis specimen.
2. Materials and Methods
2.1. Samples
[11] A number of blue mussels were live collected
from three different sites with different salinities
around half a meter below water surface. Two
specimens were collected from the Schwentine
Estuary (brackish water) and one from the Kiel
Fjord (brackish water) on 16 June 2006, five on 28
August 2006 from the Schwentine Estuary and one
on 11 August 2006 from the beach of Sylt (sea-
water). An overview of all samples is given in
Table 1. After collection some of the mussels (1a,
1c, 1d, 2a, and 3a) were frozen for three days at
20 C, opened and the soft tissue removed. The
shells were cleaned with water, dried at 60 C and
stored in plastic vials (100 ml, Nunc). For one of
the mussels collected in the Schwentine Estuary
(1a), another one collected in Kiel Fjord on
16 June (2a) and the one from Sylt beach (3a)
the d44/40Ca was measured by thermal ionization
mass spectrometry (TIMS) in the aragonite as
well as in the calcite. In addition for a second
specimen from the Schwentine Estuary Mg/Ca
and Sr/Ca ratios were determined in the calcite
with inductively coupled plasma–optical emission
spectroscopy (ICP-OES).
[12] 50–100 mL extrapallial fluid (EPF) per indi-
vidual was taken from the living animal before
they were frozen using a sterile needle (diameter
0.9 mm). The unfiltered EPF was filled in pre-
cleaned vials (4 ml) and stored in a fridge. Because
of the extremely small amount of EPF the d44/40Ca
determination by TIMS could be carried out just
once for three individuals from 28 August 2006
(1e, f, g). For the elemental concentration measure-
ments by ICP-OES, the small amount was suffi-
cient, and thus samples could be processed
individually (1c, d).
[13] Simultaneously, water samples were taken at
all sites from the same positions where the mussels
were collected and stored in a fridge in pre-cleaned
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closed vials (4 ml). d44/40Ca, Mg/Ca and Sr/Ca
ratios were determined.
2.2. Analytical Methods
[14] Prior to analysis the calcium carbonate from
the two regions of the shell, the nacre (aragonite)
and the prismatic (calcite) of the shell material was
drilled using a dental drill. To confirm that there
was no overlap between the materials the samples
were analyzed by XRD. The obtained powder was
transferred in pre-cleaned screw-top Savillex PFA
vials.
[15] Ca isotopic compositions were analyzed by
thermal ionization mass spectrometry (ThermoFin-
nigan Triton TI) in the laboratories of the Leibniz-
Institute of Marine Sciences IFM-GEOMAR, Kiel
using a routine method close to that described by
Heuser et al. [2002]. The external reproducibility
was typically better than 0.2%.
[16] The data are normalized to IAPSO as a refer-
ence for seawater, measured within each analytical
run. The Ca isotope data are presented in the
notation suggested by Eisenhauer et al. [2004].
[17] The fluids were processed through a chemical
separation in order to isolate Ca from potentially
interfering elements such as K, Sr and Mg. A
commonly used chromatographic clean-up for sea-
water, which is based on cation exchange and HCl
elution, was applied [Amini, 2007].
[18] The elemental ratios were measured by ICP-
OES (JY 170 ULTRACE (Jobin Yvon)) at IFM-
GEOMAR in Kiel, Germany.
3. Results
[19] TIMS and ICP-OES results for the Ca isotopic
composition of the samples investigated in this
study are shown in Table 2.
[20] The carbonates are strongly depleted in their
magnesium and strontium concentrations and frac-
tionated toward lighter calcium isotope composi-
tions relative to the surrounding Schwentine
Estuary water. The opposite is observed for the
EPF.
[21] The isotopic composition (d44/40Ca) of the
extrapallial fluid (samples 1c, d, e, f and g)
correspond approximately to that of the seawater
and not to the Schwentine water (samples 1b and
1h) even though the mussels came from the
Schwentine Estuary. The d44/40Ca of the surround-
ing estuary water is 0.31% lower than that of the
EPF. Paired analysis of calcite and aragonite
showed a consistent offset, with aragonite featuring
0.15 to 0.31% lower d44/40Ca values. In general
the two polymorphs of calcium carbonate of all
analyzed shells differ by 0.84 to 1.32% from the
isotopic composition of the seawater standard and
hence from that of the sampled EPF. The aragonite
and the calcite show only slight differences be-
tween the mussels from different sites. The heavi-
est d44/40Ca values for both aragonite and calcite
Table 1. All Samplesa
Site Reference/Sample Site of Sampling Date of Sampling Kind of Sample Method Measured
1a Schwentine Estuary 16.06.2006 aragonite TIMS, ICP-OES d44/40Ca, Mg, Sr, Ca
calcite TIMS, ICP-OES d44/40Ca, Mg, Sr, Ca
1b water TIMS, ICP-OES d44/40Ca, Mg, Sr, Ca
1c 28.08.2006 aragonite ICP-OES Mg, Sr, Ca
calcite ICP-OES Mg, Sr, Ca
EPF ICP-OES Mg, Sr, Ca
1d aragonite ICP-OES Mg, Sr, Ca
calcite ICP-OES Mg, Sr, Ca
EPF ICP-OES Mg, Sr, Ca
1e, f, g EPF TIMS d44/40Ca
1h water ICP-OES Mg, Sr, Ca
2a Kiel Fjord 16.06.2006 aragonite TIMS d44/40Ca
calcite TIMS d44/40Ca
2b water TIMS d44/40Ca
3a Sylt, North Sea 11.08.2006 aragonite TIMS d44/40Ca
calcite TIMS d44/40Ca
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were found in the specimens taken from the Kiel
Fjord.
[22] The elemental ratios of the calcite and arago-
nite samples (1a, c, and d) show considerably
lower concentrations than found in either the water
samples or the EPF (a factor of 4 to 7 for Sr/Ca and
a factor of about 200 to 400 for Mg/Ca). There is
less variability in Sr/Ca than in Mg/Ca. Further-
more the elemental ratios of the EPF are about a
factor of 1.5 higher than in the surrounding water.
Figures 1 and 2summarize the elemental/Ca and
the calcium-isotope ratios, respectively, for the four
different matrices of the samples of the Schwentine
Estuary.
4. Discussion
[23] The different areas of the mussel and the
surrounding water from the Schwentine Estuary
clearly show the varied composition of the differ-
ent materials (shown in Figure 3). In comparison
with the Schwentine water (the ambient water) all
values show a considerably deviation of the EPF.
Our data show that calcium in mussels from
Schwentine Estuary becomes isotopically heavier
in the EPF compared to the surrounding water and
Sr as well as Mg is enriched. In the shell calcium is
isotopically lighter than in the EPF and even lighter
than in the surrounding water. Sr and considerably
Mg are also depleted in the shell in comparison
with the water and the EPF. Our results agree
with previous studies [Crenshaw, 1972; Wada and
Fujinuki, 1976]. Similar observations were made for
freshwater mussels [Wada and Fujinuki, 1976].
[24] The pronounced differences between the val-
ues of the Schwentine water and the EPF exclude a
contamination of the fluid with the surrounding
water during preparation.
[25] An evidence for a biological control mecha-
nism is the high magnesium concentration in the
EPF which would hinder the precipitation of cal-
cite. Berner [1975] shows that the Mg/Ca ratios in
modern seawater inhibit the inorganic formation of
calcite. Magnesium appears to be extensively reg-
ulated by Mytilus edulis so as to minimize the Mg
concentration of the extrapallial fluid [Lorens and
Bender, 1980].
[26] Because of our findings we assume the EPF to
be modified while the shell is precipitated. The
calcium is attached in the shell and in the EPF the
other elements become relatively enriched (see
Figure 1). These elements must be actively re-
moved from the EPF; otherwise the high concen-



















16.06.2006 aragonite 1.33 ± 0.10 (15) 1.59 ± 0.05 9.05 ± 0.17
calcite 1.09 ± 0.08 (15) 1.64 ± 0.01 7.39 ± 0.27
1b water 0.32 ± 0.06 (8) 5.45 ± 0.05 2929 ± 25
1c 28.08.2006 aragonite 3.63 ± 0.09 9.54 ± 0.27
calcite 1.56 ± 0.74 9.96 ± 1.10
EPF 7.59 ± 1.25 4465 ± 141
1d aragonite 1.66 ± 0.02 4.00 ± 0.25
calcite 1.55 ± 0.01 12.05 ± 0.08
EPF 7.79 ± 0.47 4935 ± 75
1e, f, g EPF 0.01 ± 0.07
(3 but different individuals)
1h water 6.22 ± 0.02 3485 ± 22
2a Kiel Fjord 16.06.2006 aragonite 1.16 ± 0.08 (15)
calcite 0.85 ± 0.06 (13)
2b water 0.02 ± 0.10 (8)
3a Sylt,
North Sea
11.08.2006 aragonite 1.25 ± 0.15 (4)
calcite 1.10 ± 0.11 (4)
3b water 0.01 ± 0.07 (2)
IAPSO 0.00 ± 0.06 (16) 8.45 ± 0.02 5077 ± 23
a
Uncertainties quoted as external errors; sem, standard error of the mean; sd, standard deviation.
Geochemistry
Geophysics
Geosystems G3 HEINEMANN ET AL.: SHELL FORMATION OF MYTILUS EDULIS 10.1029/2007GC001777
4 of 8
trations would not permit a further calcite precip-
itation. Because of energy consumption of such an
active mechanism the exclusion of Mg eventually
does not exceed a physiologically necessary value
and Mg concentration is just kept below a certain
level (perhaps the open ocean Mg/Ca as suggested
by our EPF data).
[27] This may also account for the different isoto-
pic Ca compositions in water, EPF and shell (see
Figure 2).
[28] Previous studies stated that calcium becomes
isotopically lighter as it moves through the food
chain [Skulan et al., 1997; Zhu and Macdougall,
1998; DePaolo, 2004]. Our data indicate that the
calcium becomes isotopically heavier as it is trans-
ported through the mantle (surrounding water !
EPF). During the following precipitation step the
lighter Ca isotopes are preferentially incorporated
into the shell. Because of this mechanism, that is
also described for Mg/Ca, the heavier isotopes are
enriched in the EPF. It is shown by several studies
that heavier Ca isotopes are depleted in the solid
phase relative to the fluid [e.g., Skulan et al., 1997;
Zhu and Macdougall, 1998; DePaolo, 2004].
[29] For inorganically precipitated calcium carbon-
ate, there is an offset between aragonite and calcite
of about 0.9% for d44/40Ca [Gussone et al., 2005].
On skeletal aragonite and calcite from different
marine biota they also found an offset in d44/40Ca
of about 0.6%. In our study a much lower offset of
0.15 to 0.31% between the aragonite and the
calcite of Mytilus edulis was found. It could be
that the precipitation of aragonite and calcite influ-
Figure 1. The Sr/Ca ratio of water from the Schwentine Estuary, together with EPF and shell (both aragonite and
calcite) taken from the same location relative to the Mg/Ca ratio. Errors are given as 2sd (standard deviation; n = 3).
Figure 2. The d44/40Ca composition of water from the Schwentine Estuary, together with EPF and shell (both
aragonite and calcite) taken from the same location relative to the Mg/Ca ratio. The d44/40Ca error is given as 2sem
(standard error of the mean); Mg/Ca error is given as 2sd (standard deviation).
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ence each other when both polymorphs are formed
in the same specimen.
[30] All these results lead the conclusion that there
must be a biological control mechanism which
already was suggested from different authors
[e.g., Lorens and Bender, 1980; Vander Putten et
al., 2000; Carre´ et al., 2006].
[31] A number of different environmental condi-
tions are influencing the biological activity and
thus the behavior of individual mussels. The inter-
actions of these conditions (see Figure 4) cause an
individual integration of elements into the shell and
make it complicated to use the isotopic or elemen-
tal composition as a proxy for only one parameter,
e.g., temperature.
5. Outlook
[32] More information needs to be obtained about
the precipitation rate/growth rate and the possibil-
Figure 3. An abstract of all data from the mussel out of the Schwentine Estuary (schematic picture modified after
Vander Putten et al. [2000]).
Figure 4. Main factors influencing the EPF and therefore the shell composition of Mytilus edulis.
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ity of identifying single growth increments in the
shell. There is insufficient knowledge about the
correlation between such increments and the time
required for their formation.
[33] Future studies should focus on the temporal
development of the interrelation between the dif-
ferent matrices.
[34] Measurements of the EPF of the same speci-
men over longer periods in both the field and
culturing under controlled and logged conditions
would enable us to get more information about
temporal variations in the chemical composition of
the EPF and the interaction between EPF and the
precipitation.
[35] More groundwork into basic biology of the
mantle epithelium and the EPF is required, in
particular the question of how different isotopes
are transported and arranged.
[36] The calcium concentration in the EPF is in-
fluenced by the pH value [Crenshaw, 1972]. This
implies that the shell may be recycled when pH
decreases and the composition of the EPF alters in
support of the isotopically lighter calcium. Thus
the pH value of the EPF should be a field of further
studies because this also is a biological controlled
factor influencing the composition of the EPF and
the shell. It probably depends on different environ-
mental conditions like nutrition supply, tempera-
ture, salinity or the presence of predators.
[37] There are also some indications that there is a
correlation between salinity, growth rate and the
isotopic composition of the shell. Kossak [2006]
shows optimum salinity for growing of Mytilus
edulis is about 20 and with a tolerance range of
17–34. We found the highest d44/40Ca values in
both carbonate polymorphes of the shell at a
salinity of about 20 (Kiel Fjord) too and systemat-
ically lower d44/40Ca values for the salinities of
about 17 (Schwentine Estuary) and 34 (North Sea)
respectively. This is therefore an interesting finding
and requires further studies at a range of conditions.
6. Conclusions
[38] Our results about the isotopic composition in
different areas of the blue mussel in comparison
with the surrounding water show that the mecha-
nisms of precipitation in Mytilus edulis are largely
unknown. The biological control seems to be more
considerable for the composition of the shell than
the environmental influence.
[39] The precipitation influences the composition
of the EPF and vice versa the latter influences the
composition of the subsequently formed shell in a
complex feedback mechanism.
[40] The influence of a number of different envi-
ronmental conditions and their interaction compli-
cate the determining of a proxy.
[41] There is variability in the composition within
the similar materials that shows the impact of
physiology too.
[42] The wide geographic distribution of M. edulis
[Gossling, 1992] also indicates the high tolerance
to a broad range of environmental conditions [Seed
and Suchanek, 1992] and reveals the intensive
biological control.
[43] The mechanisms controlling biomineraliza-
tion, shell precipitation and consequently the in-
corporation of isotopes and minor/trace elements
are poorly understood and thus the suitability of
Mytilus edulis as a proxy archive. Maybe the
system of biomineralization is too complex to use
Mytilus edulis as a proxy archive. This question
should be subject of further investigation.
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